Strains of Agrobacterium tumefaciens and Agrobacterium radiobacter convert certain glucosides and galactosides to their corresponding 3-uloses by an unusual oxidation at carbon 3 of the glycosyl residues (3, 7) . The enzyme, D-aldohexoside:cytochrome c oxidoreductase (ACO; EC 1.1.99. 13) , has been extensively purified and thoroughly characterized (10, 25) .
Van Beeumen and De Ley, who demonstrated the presence of the enzyme only in cellfree extracts of A. tumefaciens cultured in media containing lactose, suggested the inducibility of the enzyme (25) . Aside from this preliminary observation, no study has been done to verify rigorously and characterize the inductive biosynthesis of the enzyme. The present work seeks to better understand the regulation of ACO biosynthesis and to correlate the findings with optimal synthesis of 3-keto sugars. The results clearly demonstrate vigorous induction of enzyme synthesis by cellobiose, kojibiose, sophorose, and a-and /3-methylglucosides. Other sugars such as maltose, maltitol, a,atrehalose, sucrose, lactose, melibiose, and a-Dglucosyl-1-phosphate induce weakly or not at all. Succinate, malate, and fumarate, but not glucose, inhibit induction.
MATERIALS AND METHODS
Organism. A. tumefaciens strain NRRL B-36, supplied by the Agricultural Research Service Culture Collection maintained at the Northern Regional Research Center, was cultured on MY (12) slants and stored at 4°C.
Enzyme induction. Cells were grown in 500-ml Erlenmeyer flasks containing 100 ml of Kaneshiro synthetic medium (13) , modified to contain 50.0 mM glycerol as the carbon source. The pH was adjusted to 7.0 with 10 N NaOH. All cultures were incubated at 28°C on a rotary shaker (250 rpm).
Cells grown for 24 h were diluted 100-fold in fresh synthetic growth medium containing 50.0 mM glycerol as the carbon source and then incubated. For induction studies, cells were cultured in Fernbach flasks containing 1 liter of medium. Selected inducers were added when the cell density reached 4.5 x 108/ml. (This density represents cells in midlog phase; the exponential growth phase lasts for 8 to 10 h. During exponential growth phase, the generation time is 3.5 h.) Incubation was continued. When testing for sensitivity of enzyme induction to chloramphenicol, the antibiotic was also added. At intervals thereafter, turbidity (as optical density) of the cell suspension was measured at 650 nm, and 10-ml samples were collected into prechilled flasks containing 500 ,ug of chloramphenicol. Dry weight or cell count was obtained by comparing optical density at 650 nm with a previously established weight-or count-absorbancy curve. For this work, all cell weights are dry weights. The cells were collected by centrifugation at 4°C, washed once with 35 ml of cold 0.04 M potassium-phosphate buffer (pH 7.0), and centrifuged at 4°C. The cell pellet was dispersed in 2 ml of the same buffer.
Preparation of permeable whole cells. The bacterial cells were made permeable to enzyme substrates and resultant products by a modification of the method of Hasan and Durr (9). The 2-ml cell suspensions treated with three to four drops of toluene were vigorously agitated for 1 min. The pellet resulting from 5 min of centrifugation at 30,000 x g and 4°C of the toluene-treated cells was suspended in 0.5 ml of 40.0 mM potassium-phosphate buffer (pH 7.0).
Enzyme assays. ACO activity was estimated by measuring reduction of 2,6-dichlorophenol indophenol (DIP) at 600 nm in a Unicam dual-beam recording spectrophotometer (25 
RESULTS
Inducers. Since glucose, galactose, and many derivatives of these monosaccharides are substrates of ACO extracted from A. tumefaciens (25) , it was pertinent to examine the ACO-inducing activity of such sugars. Data in Table 1 reveal that many glucosides induce ACO in 1 h; no measurable increase of ACO activity is induced by glucose. Among the glucosyl compounds, cellobiose, a-and /-methylglucosides, sophorose, and kojibiose excel as inducers. Maltose, maltitol, and trehalose, however, are only about 25% as effective. Sucrose, a-D-glucosyl-1-phosphate, and the galactosyl disaccharides, lactose and melibiose, do not induce ACO in 1 h. However, prolonged exposure (3 to 4 h) to sucrose, lactose, and melibiose eventually induces from 5 to 7 U of enzyme/mg of cells.
In addition to ACO, the glucosides listed in Table 1 (Table 2) . Maximum induction results as the sugar level approaches 0.5 mM. Poor inducers, such as sucrose, do not elicit significant enzyme synthesis in 1 h even at concentrations as high as 5.0 to 10.0 mM ( Table 2) .
We have determined that the induction of glucosidase and ACO by sucrose and cellobiose, respectively, are completely inhibited by 50 ,ug of chloramphenicol per ml. Thus, protein synthesis is required for synthesis of both enzymes.
Kinetics of ACO and glucosidase induction. The kinetics of ACO and glucosidase induction by cellobiose, a-methylglucoside, and sucrose were compared to determine the relationship between synthesis of the two enzymes. When cellobiose interacts with growing cells, ACO develops rapidly after a 10-min lag period (Fig.   la) . During the optimum developmental period, the differential rate of synthesis is linear (Fig. 2a) . In contrast, 8-glucosidase is synthesized slowly (Fig. la) . It is seen in Fig. lb that the lag period for ACO induction is about 30 min when a-methylglucoside is the inducer. Once started, however, the synthesis proceeds rapidly with the differential rate of synthesis equaling or even exceeding that noted for that induced by cellobiose (Fig. 2b) . This kinetic pattern suggests that ACO induction probably has to be preceded by induction of an a-methylglucoside transporting mechanism. Measurable a-glucosidase activity also only appears after a delay of 30 min (Fig. lb) ; its rate of synthesis is slow.
In contrast to a-methylglucoside and cellobiose, sucrose elicits measurable ACO synthesis only after a lapse of about 60 min. The subsequent synthetic rate is about 10% that noted when either cellobiose or a-methylglucoside are the inducers (Fig. lc) . Sucrose, however, triggers almost immediate a-glucosidase synthesis at a high rate that increases linearly as a function of cell mass ( Fig. lc and 2c) .
To test the effect of a-glucosidase on induction of ACO by an a-glucoside, cells were preinduced with sucrose and subsequently incubated with a-methylglucoside in the absence of sucrose. Under these conditions, the lag period for ACO synthesis is reduced to 15 to 20 min ( ) and the rate of ACO synthesis achieved is greater than that observed in untreated cells even though the a-glucosidase activity is high (Fig. 3b) . Inhibition by succinate, malate, and fumarate. Preliminary fermentation studies revealed that succinate caused reduced synthesis of 3-ketomaltose. Furthermore, the presence of either 40.0 mM fumarate, malate, or succinate as energy sources in the induction medium inhibited enzyme synthesis. Such effects could be accounted for if the dicarboxylic acids inhibit substrate transport, thereby diminishing enzyme induction as well as 3-ketomaltose synthesis. An alternative possibility is that the acids repress ACO induction. Experiments were carried out to determine the mechanism of the inhibition.
Data in Table 3 At concentrations ranging from 0.5 to 10.0 mM, glucose, which is a catabolic repressor of many enzymes in other organisms, does not inhibit ACO induction by cellobiose. Figure 4a illustrates that adding 76.5 mM succinate to a system being induced by a-methylglucoside extinguishes ACO synthesis after a short lag; a-glucosidase development appears unaffected. (The effects of malate and fumarate, which are similar to that of succinate, are not depicted.) Since, with this inducer, a-glucosidase is synthesized at a lower rate relative to that of ACO, its respoinse to the added inhibitor is difficult to assess. When sucrose is used as inducer, however, it is clearly shown that synthesis of the hydrolytic enzyme is not adversely affected by succinate (Fig. 4b) . It is difficult to assess the effect of succinate on ACO synthesis which goes on at a slow rate. Similar selective effects were obtained with fumarate and malate (not shown). iuired to initiate Succinate inhibition of ACO synthesis has also enzyme activity been observed by Kurowski et al. (15) . The of cells to appro-inhibition appears to be specifically directed to ition of protein ACO induction since glucosidase synthesis is blocks enzyme unaffected. Although observations indicate ion and the na-that catabolic inhibition (18, 19) is not operatvern the rate of. ing, the preferential inhibition of the synthesis y, disaccharides of ACO protein (Fig. 4) in actively growing iltose, which are cells suggests that catabolic repression is in|derivatives by volved in the regulation of ACO synthesis.
Regulation of ACO induction by the tricarboxylic acid-cycle compounds in A. tumefaciens might be linked to the very active involvement of the PP and ED pathways (1) . It has been suggested that efficient removal of nicotinamide adenine diphosphate, reduced form (NADPH), is critical for continuous generation of energy and of biosynthetic intermediates by the PP pathway (4, 14, 16) . In Gluconobacter cerinus, 5-keto-fructose, a metabolite, acts as an electron acceptor for NADPH oxidation (20) to assure the efficient operation of the PP pathway. Perhaps, 3-ketoglycosides serve an analogous purpose in A. tumefaciens since metabolism of these compounds initially involves reduction by an NADPH-dependent reductase (11) .
Although there are no data available concerning the inducibility of the ED and PP pathway enzymes in A. tumefaciens, one can speculate that they are inducible and are subject to repression by the tricarboxylic acid-cycle intermediates. If the 3-ketoglycosides do function in the efficient operation of the ED and PP pathways, then it would not be surprising that ACO is also repressed by tricarboxylic acid-cycle intermediates. It is interesting to note that weak repression by succinate of induced a-glucosidase synthesis occurs in Pseudomonas fluorescens (8) . In A. tumefaciens, the repressive control of catabolic enzymes by tricarboxylic acidcycle compounds does not involve glycosidase synthesis.
